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Zebra®sh holds great potential as a model system for studying inner ear development because genetic techniques are highly
ef®cient and inner ear development is a conspicuous and manipulable feature of zebra®sh embryogenesis. Here we describe
analysis of a semilethal dominant mutation, termed monolith (mnl ), that speci®cally perturbs formation of the anterior
(utricular) otolith in the developing ear. Other than the utricular otolith de®ciency, all structures in the ear appear morpho-
logically normal in mutant embryos, including posterior otoliths and all sensory epithelia. Expression patterns of several
ear marker genes (msxC, msxD, and dlx3) also appear normal in the mutant. To identify the cell type(s) affected by the
mnl mutation, chimeras were generated by transplanting dye-labeled /// cells into unlabeled mnl/mnl host embryos.
Roughly half of such chimeras formed utricular otoliths normally, indicating that the transplanted wild-type cells rescued
their mutant hosts. Detailed analysis of /// cell fates revealed that virtually all chimeras in which /// cells formed
support cells in the utricular sensory epithelium were rescued. In contrast, wild-type cells forming other cell types (such
as hair cells) or colonizing other regions of the host were not suf®cient to facilitate rescue. These data indicate that support
cells are required for normal otolith formation, providing the ®rst experimentally established role for support cells in
vertebrate sensory epithelia. The data also provide the ®rst clear indication that otolith formation is controlled indepen-
dently in different regions of the ear by localized cellular functions. q 1996 Academic Press, Inc.
INTRODUCTION they, too, could contribute to the structure or function of
the inner ear. Despite this progress, basic mechanisms of
cell-fate determination and pattern formation in the ear re-Recently, considerable progress has been made toward
main obscure. Embryology studies demonstrate that induc-identifying molecular mechanisms controlling inner ear de-
tion of the inner ear is a continuous process, involving se-velopment in vertebrates. Several genes required for normal
quential interactions with several tissues (Yntema, 1933;development and function of the inner ear have been identi-
Waddington, 1937; Van de Water, 1983; Noden and Van de®ed by genetic studies in mouse and human (Epstein et al.,
Water, 1986). Initially, chordamesoderm induces overlying1991; Lufkin et al., 1991; Vortkamp et al., 1991; Baldwin
ectoderm to form the otic placode, which quickly developset al., 1992; Chisaka et al., 1992; Tassabehji et al., 1992;
into a hollow vesicle. Signals from the hindbrain and peri-Mansour et al., 1993; Cordes and Barsh, 1994; Swiatek et
otic mesenchyme are then required for further elaborational., 1994; de Kok et al., 1995; Weil et al., 1995; reviewed
of the otic vesicle, the inner surface of which undergoesby Steel and Brown, 1994). In addition, a number of proteins
complex folding to generate the vestibular chambers (semi-and transcripts have been identi®ed that accumulate in peri-
circular canals and utriculus) and auditory chambers (saccu-otic tissues (Ekker et al., 1992; Frenz et al., 1992; Gaunt et
lus, lagena, and, in higher vertebrates, the cochlea) of theal., 1993; Papalopulu and Kintner, 1993; Davis et al., 1995;
inner ear. Within each of these chambers, specialized epi-Deitcher et al., 1994; Leon et al., 1995), suggesting that
thelial patches containing support cells and sensory hair
cells develop (Lewis et al., 1985). Stimulation of hair cells
by lateral displacements of stereocilia projecting into the1 To whom correspondence should be addressed. Fax: (409) 845-
2891. E-mail: briley@bio.tamu.edu. lumen of the otic vesicle provides the neuromechanical ba-
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thesized from constructs generously supplied by Monte West-sis for both hearing and balance. The role of support cells
er®eld.is much less certain, and the functional signi®cance of their
Generating chimeras. To label donor cells, donor embryosassociation with hair cells remains to be established. Identi-
were injected at the 1-cell stage with a solution containing 2.5%fying genes that are differentially expressed in the two cell
lysine-®xable dextran conjugated to rhodamine and biotin (10,000types, or mutations that differentially affect their functions,
Mr , Molecular Probes), 3% green food coloring, and 0.1 M KCl.could address these fundamental issues. Donor cells were then detected in live embryos by ¯uorescence
In the utriculus, sacculus, and lagena, sensory patches are imaging or by histochemical staining of ®xed specimens.
also associated with otoliths (or otoconia in higher verte- Histochemistry. Four-day embryos were ®xed in 4% paraform-
brates), dense crystals of protein and calcium carbonate that aldehyde, 0.2% glutaraldehyde, 4% sucrose, 0.15 mM calcium chlo-
ride, 0.1 M sodium phosphate, pH 7.3, and 0.1% Triton X-100.are embedded in gelatinous membranes covering the sen-
Fixed specimens were then incubated with avidin±biotin complexsory epithelia. Otoliths activate vestibular and auditory
conjugated to peroxidase (Vector Labs) and developed with diami-functions by transmitting accelerational forces and sound
nobenzidine according to manufacturer's speci®cations, except thatvibrations to hair cell cilia. Although the presence and posi-
0.1% Triton X-100 was added to all reaction mixtures. Stainedtioning of otoliths within the ear are conserved in all verte-
embryos were dehydrated, embedded in paraf®n, and cut into 7-brates, the developmental origins of otoliths are unknown
mm sections as previously described (Helde and Grunwald, 1993).
(Anniko, 1983; Lewis et al., 1985). Electron micrographs
of ear sections indicate that support cells actively secrete
cytoplasmic material into the lumen of the otic vesicle, but
RESULTSthere is as yet no clear link between this function and oto-
lith morphogenesis. Here we report that the mnl mutation
in zebra®sh speci®cally perturbs formation of utricular oto- Using an ef®cient technique for inducing point mutations
in the zebra®sh (Riley and Grunwald, 1995), we recoveredliths, and that the mutant defect is reversed (the mutant is
rescued) when/// cells differentiate as support cells in the a mutation causing defects limited to a small region within
the ear. This mutation, termed monolith (mnl), speci®callyutricular sensory epithelium. Surprisingly, rescue requires
very few wild-type cells, making it unlikely that the wild- disrupts formation of one of the two otoliths normally visi-
ble by 18 hr (hours of development) in the otic vesicles oftype cells simply provide bulk synthesis of otolith materi-
als. Instead, support cells may provide an inductive signal wild-type embryos. Mutant embryos initially fail to form
an otolith in the anterior end of the otic vesicle (the primor-required for normal regulation of otolith morphogenesis.
dium of the utriculus), whereas the otolith in the posterior
end of the vesicle (the primordium of the sacculus and la-
gena) forms normally (Figs. 1A and 1B). Otoliths are essen-MATERIALS AND METHODS
tial for transducing auditory and vestibular signals. The de-
velopmental origins of otoliths are unknown, but it seemsFish strains. Wild-type and mnl/mnl strains were produced and
likely that the anterior otolith de®ciency caused by the mnlcared for as previously described (Riley and Grunwald, 1995). The
mutation re¯ects a change in some localized cellular func-mnl mutation was recovered from a mutagenesis screen in which
point mutations were induced in postmeiotic gametes of adult tion(s). All other structures in the inner ear, including the
males with ENU. To propagate the mutation for further study, a utriculus and its sensory epithelium (Figs. 1D±1F), appear
heterozygous mnl// male was outcrossed to a wild-type female. morphologically normal in mutant embryos.
Roughly 13 of the resulting progeny (presumably
2
3 of mnl// heterozy- Monolith is a dominant semilethal mutation with incom-
gotes) displayed the mutant phenotype, suggesting that the muta- plete penetrance. Typically, 65±70% of mnl// heterozy-
tion was dominant and incompletely penetrant. This was con- gotes display otolith de®ciencies at 24 hr, as do 97% of
®rmed by subsequent analysis of seggregation patterns. All of the
mnl/mnl homozygotes (Table 1). In addition, a signi®cantpresumptive heterozygotes (embryos showing otolith de®ciencies)
fraction of mutant embryos were missing otoliths in onethat survived to adulthood yielded similar proportions of affected
ear only. In mutant embryos with relatively normal ears,progeny in wild-type outcrosses. Of the normal-looking embryos
anterior otoliths were usually smaller than normal (Fig. 1E).that survived to adulthood, 20±30% were shown to transmit the
mutation in a similar fashion, while the remainder proved to be Embryos with otolith de®ciencies at 24 hr often began to
wild type. A homozygous mnl/mnl line was produced by intercross- form anterior otoliths belatedly between Days 6 and 10.
ing putative mnl// heterozygotes and raising only those embryos Prior to this recovery, mutant embryos with bilateral or
with otolith de®ciencies in both ears. A few such survivors were unilateral otolith de®ciencies showed severe equilibrium
found to yield 65 ±70% affected progeny in wild-type outcrosses, de®cits: They were often observed swimming with lateral
tentatively identifying these individuals as mnl/mnl homozygotes. or ventral sides facing upward, or in erratic spirals around
This was later con®rmed by showing that 100% of their outcross
their long axes. In addition, control of linear accelerationprogeny inherited the mnl mutation. Subsequently, mnl/mnl
was grossly disturbed, making it dif®cult for them to pursuestocks have been maintained by pooling the progeny from a number
and capture prey. However, providing such embryos withof mnl/mnl intercrosses.
extremely high densities of paramecia permitted many toIn situ hybridizations. Performed essentially as described (Sta-
chel et al., 1993). Riboprobes for dlx3, msxC, and msxD were syn- survive this initial period of disequilibrium. In most cases,
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FIG. 1. Morphological analysis of monolith. (A) A 1-day (day of development) /// embryo showing two otoliths (o) in the inner ear. (B)
A 1-day mnl/mnl embryo with only one otolith in the inner ear. (C) Otoliths from similarly sized /// and mnl/mnl adults. Ventral
surfaces that contact the sensory epithelia are shown. (D) Utriculus of a 4-day /// embryo with a normal otolith (o). (E) Utriculus of a
4-day mnl/mnl embryo with an abnormally small otolith (o). (F) Utriculus of a 4-day mnl/mnl embryo with no otolith. Hair cell cilia
(hcc) are evident in the sensory epithelia of each utriculus. In A, B, and D±F, anterior is toward the left and dorsal is toward the top. The
scale bar corresponds to 120 mm for A and B, 570 mm for C, and 15 mm for D±F.
mutant embryos began to show improved balance and coor- veloping otic vesicles (Ekker et al., 1992). At 24 hr, expres-
sion of dlx3 in the otic vesicle is restricted to portions ofdination between Days 6 and 10, roughly coinciding with
belated formation of utricular otoliths (not shown). Em- the dorsal and posterior epithelia, and much of the medial
epithelium (Figs. 2A and 2B). Transcripts of msxD are dis-bryos that failed to form utricular otoliths in one or both
ears by Day 10 invariably died. Typically, about one-fourth tributed at 24 hr in a dorsal band that overlaps with the
dlx3 expression domain (Figs. 2I and 2J). At this time, msxCof mnl/mnl homozygotes and well over half of mnl// het-
erozygotes survive to adulthood. In all mutant adults exam- is not expressed inside the otic vesicle but is instead ex-
pressed in the hindbrain, migrating neural crest cells, andined, rudimentary utricular (anterior) otoliths were present
but were small and malformed (Fig. 1C). periotic mesenchyme (Figs. 2E and 2F), all of which are
tissues that regulate inner ear development (Yntema, 1933;The phenotypic variability associated with the mnl muta-
tion is typical of numerous other mutations affecting inner Waddington, 1937; Van de Water, 1983; Noden and Van de
Water, 1986). At 48 hr, dlx3 expression is restricted to aear development (Deol, 1983; Mansour et al., 1993). Such
variability may re¯ect the exceptional regulative capacity region of the otic epithelium associated with formation of
the vertical semicircular canals (Figs. 2C and 2D). Expres-observed for the otic vesicle (Sechrist et al., 1994).
To help elucidate the etiology of the mutant defect, we sion of msxC and msxD at 48 hr is restricted to the devel-
oping cristae (sensory epithelia in the semicircular canals),examined mnl/mnl mutant embryos for expression patterns
of three homeobox genes, dlx3, msxC, and msxD, that are although expression levels were too low and irregular to
clearly visualize in any one specimen (not shown). In noexpressed in discrete subsets of cells in and around the de-
TABLE 1
Phenotypes of Wild-Type, Mutant, and Chimeric Embryos
Phenotype at 24 hr Percentage
Total of ears with
Bilateral Unilateral embryos normal Number of
Genotypea defect defect Normal scored morphologyb experiments
/// 0 0 968 (100%) 968 100% 10
mnl/mnl 559 (68%) 240 (29%) 26 (3%) 825 18 { 7% 10
/// r mnl/mnl 70 (35%) 66 (33%) 62 (31%) 198 48 { 9% 7
mnl/mnl r /// 0 0 36 (100%) 36 100% 2
a Inferred from genotypes of parents, which were of true-breeding mnl/mnl or /// lines.
b Mean { SD.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8357 / 6x13$$$422 09-27-96 03:47:40 dbas AP: Dev Bio
430 Riley and Grunwald
FIG. 2. Molecular analysis of monolith. (A±D) Whole mount in situ hybridizations of 24 hr /// (A), 24 hr mnl/mnl (B), 48 hr /// (C),
and 48 hr mnl/mnl embryos (D) with riboprobe speci®c for dlx3. (E, F) Whole mount in situ hybridizations of 24 hr /// (E) and 24 hr
mnl/mnl embryos (F) with riboprobe speci®c for msxC. (G, H) Whole mount in situ hybridizations of 24 hr /// (G) and 24 h mnl/mnl
embryos (H) with riboprobe speci®c for msxD. All panels show dorsal views except C and D, which show lateral views. Anterior is toward
the left in all panels. Abbreviations: a, pharyngeal arches; f, ®n buds; n, nasal pits; o, otic vesicles. The scale bar corresponds to 100 mm
for A, B, and E±H and 150 mm for C and D.
case could we detect signi®cant changes between mnl/mnl ously because they were derived from true-breeding lines
of /// or mnl/mnl parents.and wild-type embryos in their expression patterns of dlx3,
msxC, or msxD (Fig. 2), indicating that the mnl mutation Otolith morphology in chimeras was examined at 24 hr.
One hundred percent of mnl/mnl r /// chimeras devel-does not grossly alter patterning within the ear or in adja-
cent regulatory tissues. oped normally (Table 1), indicating that mutant cells did
not exert a dominant in¯uence over /// host ears. In con-To localize the cellular defects caused by the mnl muta-
tion, we generated mutant±wild-type chimeras (see Materi- trast, /// donor cells appeared to strongly in¯uence devel-
opment of mnl/mnl host ears. Assessing each ear indepen-als and Methods): Blastomeres from dye-labeled /// donor
embryos were transplanted into unlabeled mnl/mnl hosts dently, 48% of the ears of /// r mnl/mnl chimeras were
normal, compared to 18% of the ears of unoperated mnl/(/// r mnl/mnl chimeras), or, alternatively, labeled mnl/
mnl donor cells were transplanted into unlabeled /// hosts mnl control embryos (Table 1). This difference, which was
highly signi®cant (P  0.005), suggested that over half(mnl/mnl r /// chimeras). We reasoned that cells trans-
planted from/// donor embryos might phenotypically res- (30%/48%  62.5%) of normal ears in chimeras owed their
wild-type phenotype to the presence of /// cells. Indeed,cue mnl/mnl host embryos by colonizing the appropriate
region of the inner ear. Conversely, mnl/mnl donor cells ¯uorescence imaging of labeled /// cells (Fig. 3) revealed
that 56% of normal chimeric ears harbored /// cells inmight confer a mutant phenotype to /// host ears. Trans-
plantation was performed at the mid-late blastula stage to the anteroventral quadrant of the ear, usually in sensory
epithelia near the site of anterior otolith formation, whileensure that donor cells were totipotent and to facilitate
their widespread dispersal within the host by taking advan- only 6% of abnormal chimeric ears did so. In contrast, the
presence of /// cells in other regions of the ear (Fig. 3) ortage of the extensive cell mixing that occurs by the onset
of gastrulation (Kimmel and Warga, 1986, 1987; Ho and in tissues adjacent to the ear (not shown) did not strongly
correlate with ear morphology.Kimmel, 1993; Helde et al., 1994; Wilson et al., 1995). Geno-
types of donor and host embryos were known unambigu- To clarify the relationship between ear morphology and
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FIG. 3. Chimeric analysis of monolith. One hundred ninety-eight ///r mnl/mnl chimeras were screened at 24 hr for otolith morphology
(Table 1) and further analyzed by ¯uorescence imaging at 48 hr. (A) A normal ear with numerous labeled cells throughout the inner ear.
The locations of cells that potentially facilitated phenotypic rescue could not be inferred from such widespread colonization patterns. (B)
A normal ear in which a single labeled cell (or small group of cells) is visible in the anteroventral quadrant of the ear (arrow). (C) An
abnormal ear with several labeled cells in the posterior half of the ear. The label visible near the anterodorsal border of the ear marks a
neuron in the hindbrain. (D) Frequency and distribution of labeled cells in chimeric ears. The percentage of ears with labeled cells in the
indicated quadrants is shown. After excluding ears with ubiquitous labeling, such as that shown in A, positions of labeled cells (dark
spots) were projected onto maps representing 89 normal and 79 abnormal ears, respectively. The scale bar corresponds to 100 mm for A±
C and 40 mm for D.
the distribution of /// cells, we analyzed the subset of most did not harbor labeled /// cells in anteroventral epi-
thelia (not shown).chimeric ears in which /// cells were present only in a
single quadrant (Fig. 4). Of chimeric ears with labeled /// We also analyzed eight of the exceptional chimeras pre-
viously shown by ¯uorescence imaging to harbor /// cellscells in the anteroventral quadrant, 94% were normal, a
large and signi®cant increase (P .0001) over the frequency in the anteroventral quadrants of abnormal ears. Sectional
analysis of these ears con®rmed the presence of labeled //of normal ears in unoperated mnl/mnl embryos (18%, Table
1). Of chimeric ears with labeled /// cells in any of the / cells in anteroventral sensory epithelia, but only hair
cells were labeled (Fig. 5C); no labeled support cells wereremaining quadrants, only 16±23% were normal, a range
of frequencies that was statistically indistinguishable from detected. The number of/// hair cells present in abnormal
chimeric ears was statistically comparable to that in normalthe unoperated mnl/mnl control. Thus, the presence of //
/ cells in anteroventral epithelium was highly predictive ears (P  0.65). In contrast, the difference between normal
and abnormal ears with respect to the number of /// sup-of whether mutant ears formed anterior otoliths, suggesting
that such cells played a direct role in rescuing mnl/mnl port cells was highly signi®cant (P  0.0015). Thus, ///
hair cells alone are not suf®cient to rescue mnl/mnl hosthost ears.
To determine whether the presence of speci®c /// cell ears; some /// support cells are required. It is unclear
whether hair cells are also involved, but hair cells as welltypes correlated with phenotypic rescue, chimeras were
®xed at 4 days (days of development), histochemically as support cells actively secrete cytoplasmic material into
the lumen of the otic vesicle (Anniko, 1983), some of whichstained, and sectioned. Sectional analysis of normal chime-
ric ears con®rmed the presence of/// cells in anteroventral might be required for otolith formation.
Surprisingly, very few /// cells were required for pheno-sensory epithelia; both hair cells and support cells were
labeled in each of 15 cases observed (Fig. 5B). Sectional anal- typic rescue of mnl/mnl hosts. Examples shown in Figs. 3B
and 5B are quite typical. Analyses of both live embryosysis of abnormal chimeric ears showed, as expected, that
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synthesis of otolith materials that would otherwise be de®-
cient in the mutant. Instead,/// cells might locally modify
the overlying gelatinous membrane to form a nucleation
site for otolith deposition. Alternatively, /// cells might
facilitate homeogenetic induction of surrounding mutant
tissues (Hatta et al., 1991), yielding a fully functional utricu-
lar epithelium that can properly regulate otolith formation.
Such intercellular signaling could be mediated by secreted
factors or more directly via the complex of gap junctions
and tight junctions that interconnect support cells with
each other as well as with hair cells (Lewis et al., 1985).
While phenotypic rescue of mutant hosts most likely in-
volves an extracellular function provided by /// cells, it is
unlikely that the mnl gene product directly mediates this
function. Such an extracellular role is inconsistent with the
ability of very few /// cells to overcome the effects of the
dominant mutant allele in mnl/mnl hosts. Likewise, the
inability of mnl/mnl cells to perturb ear development in //FIG. 4. Rescue of chimeras with restricted labeling patterns. The
frequency of normal development is shown for chimeric ears with / hosts suggests that the mutant allele does not produce
labeled /// cells restricted to the indicated quadrants. (A) Ears an extracellular poison. A more likely possibility is that the
with anterodorsal labeling. (B) Ears with posterodorsal labeling. (C) mutant allele perturbs an intracellular function, thereby
Ears with anteroventral labeling. (D) Ears with posteroventral label- impairing mutant cells' ability to carry out a downstream
ing. Ratios in parentheses indicate the number of normal ears/ extracellular function required for otolith formation.
total number of ears examined in each quadrant group. Data were This study does not exclude a role for cell types other
obtained from a subset of chimeric ears used to generate Fig. 3D.
than support cells in regulating otolith morphogenesis or in
rescuing mnl/mnl host embryos. Indeed, rescued chimeras
were all observed to harbor both /// support cells and //
/ hair cells, raising the possibility that the two cell typesand sectioned material showed that the great majority of
must cooperate to produce normal otoliths. This possibilityputatively rescued chimeric ears harbored six or fewer //
is consistent with previous observations that hair cells, like/ cells in the anteroventral epithelium (Fig. 6). Moreover,
support cells, secrete vesicles into the lumen of the earat least one-third of such ears harbored only one or two //
(Lewis et al., 1985). In addition, hair cell cilia provide the/ cells each. Such ef®cient rescue suggests that the rescuing
only direct physical contact between otoliths and epithelialcells provide a potent inductive signal or other limiting
cells. Such contact could serve to anchor the otoliths infactor required to catalyze otolith formation (see Discus-
place over the sensory epithelia and could also provide fac-sion).
tors that regulate otolith morphogenesis. Nevertheless,
such hair cell functions are apparently not suf®cient for
normal otolith formation because /// hair cells alone did
DISCUSSION not rescue mutant hosts.
The alternative possibility is that/// support cells alone
are suf®cient to rescue mutant hosts and that hair cells doThis study provides the ®rst experimentally established
role for support cells in vertebrate sensory epithelia. Spe- not directly participate in this process. In this regard, it is
noteworthy that otoliths begin to form in zebra®sh embryosci®cally, the data indicate that support cells participate in
otolith formation. Previous observations that support cells at 18 hr, many hours before mature hair cells can be de-
tected (Kimmel et al., 1995; Haddon and Lewis, 1996). Sup-secrete vesicles containing dense organic material into the
lumen of the ear have led to the hypothesis that support port cells, on the other hand, could be functionally differen-
tiated at this time and initiate otolith formation withoutcells play a direct role in otolith synthesis (Lim, 1973; Sala-
mat, 1980; Ciges et al., 1983; Anniko, 1985; Hertwig and the bene®t of the archtypical associations with hair cells
that characterize more mature endorgans.Schneider, 1986). However, there are as yet no molecular
data to support this hypothesis because neither the organic Distinguishing between these possibilities, that support
cells are suf®cient for rescue, or that hair cells also partici-material in otoliths nor the vesicular material secreted by
support cells have been characterized. In any case, analysis pate, would require detection and analysis of multiple chi-
meras in which only support cells were labeled. However,of///r mnl/mnl chimeras suggests that support cells may
play a subtler (or additional) role in otolith morphogenesis. no such chimeras were observed among the several dozen
that were sectioned (Fig. 5). The likely reason for this isBecause so few/// cells are needed to rescue mutant hosts,
it is unlikely that the rescuing cells simply provide bulk that support cells continue to divide throughout develop-
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FIG. 6. Number of /// cells in normal chimeric ears. Labeled //
/ cells in the anteroventral epithelia of normal /// r mnl/mnl
chimeras were counted at 48 hr in live embryos (black bars, n 
99) and in stained sections of 4-day chimeras (stippled bars, n 
15). Ears without anteroventral labeling were excluded, as were all
abnormal ears.
ment (and during regeneration in adults) and give rise to
both hair cells and new support cells (Corwin and Warchol,
1991; Presson et al., 1996). Hence, /// cells that initially
differentiate as support cells in chimeras are likely to give
rise to sectors containing both /// support cells and ///
hair cells, and chimeras containing isolated /// support
cells are expected to be quite rare. In contrast, /// cells
that enter the otic epithelium and immediately differentiate
as hair cells (which are postmitotic) would not be expected
to generate clonal descendants, nor would they necessarily
be associated with /// support cells. The latter case pre-
sumably explains the occurrence of chimeras in which only
hair cells were labeled (Fig. 5C).
The fact that the mnl mutation affects only utricular oto-
FIG. 5. Sectional analysis of monolith. Sections of utricular sen- liths provides yet another insight into regulation of otolith
sory epithelia in histochemically stained 4-day chimeras. A number development: Otolith formation can be independently con-
of chimeras initially analyzed by ¯uorescence imaging (Fig. 3) were trolled in different regions of the ear. Such control could be
®xed at 4 days, histochemically stained to visualize labeled /// part of a mechanism that operates in all vertebrates to re-
cells, and sectioned. A total of 48 sectioned ears were analyzed. (A) strict otolith formation to discrete sites despite the uniform
Location of the utricular sensory epithelium within the ear. (B) The distribution of otolith precursor crystals throughout the in-
utricular sensory epithelium of a normal ear in which one hair cell
ner ear (Lim, 1973; Salamat, 1980; Ciges et al., 1983). Asand one support are labeled. The posterior edge of the utricular
discussed above, this function in zebra®sh does not initiallyotolith is indicated. Of 21 normal ears that were sectioned, 15
require the presence of mature hair cells, but does requirecontained labeled cells in the anteroventral epithelium; all 15 con-
the presence of functional support cells in close proximitytained both labeled hair cells and labeled support cells in this re-
gion. For these ears, the average number (mean { SD) of labeled to the affected otolith.
cells visible in this region was 1.6 { 0.7 hair cells, 1.3 { 0.4 support A number of mutations in mouse, as well as other muta-
cells, and 3.0 { 1.1 total cells. (C) The utricular sensory epithelium
of an abnormal ear in which one hair cell is labeled. A total of 8
abnormal ears with anteroventral ¯uorescence were sectioned; all
contained histochemically stained hair cells in this region, but
none contained labeled support cells. For these ears, the average tent with the early analysis, no histochemically stained /// cells
were evident in any of these sections (not shown). Abbreviations:number of labeled cells visible in this region was 2.0 { 0.9 hair
cells, 0 { 0 support cells, and 2.2 { 1.3 total cells. Nineteen abnor- hc, hair cell; o, otolith; sc, support cell. In all panels, anterior is
toward the left and dorsal is toward the top. The scale bar corre-mal ears in which no ¯uorescently labeled /// cells were detected
in the anteroventral quadrant at 48 hr were also sectioned. Consis- sponds to 10 mm for B and C.
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Frenz, D. A., Galinovic-Schwartz, V., Liu, W., Flanders, K. C., andtions in zebra®sh, are also known to perturb development
Van de Water, T. R. (1992). Transforming growth factor b1 is anof otoconia/otoliths, but in no case have such defects been
epithelial-derived signal peptide. Dev. Biol. 153, 324±336.attributable to alteration of any speci®c cell type (Deol,
Gaunt, S. J., Blum, M., and De Robertis, E. M. (1993). Expression of1983; Malicki et al., 1996; Whit®eld et al., 1996). Thus,
the mouse goosecoid gene during mid-embryogenesis may markidentifying the gene affected by the mnl mutation could
mesenchymal cell lineages in the developing head, limbs and
provide a unique opportunity to understand the mecha- body wall. Development 117, 769±778.
nisms controlling otolith development and the role of sup- Haddon, C., and Lewis, J. (1996). Early ear development in the
port cells in this process. embryo of the zebra®sh, Danio rerio. J. Comp. Neurol. 365, 113±
128.
Hatta, K., Kimmel, C. B., Ho, R. K., and Walker, C. (1991). The
cyclops mutation blocks speci®cation of the ¯oor plate of theACKNOWLEDGMENTS
zebra®sh central nervous system. Nature 350, 339±341.
Helde, K. A., and Grunwald, D. J. (1993). The DVR-1 (Vg1) tran-
We thank Joelle Presson for thoughtful discussions on the manu- script of zebra®sh is maternally supplied and distributed through-
script. Supported by National Institutes of Health Fellowship 5F32 out the embryo. Dev. Biol. 159, 418±426.
GM14797-02, American Cancer Society Fellowship PF-04186-01, Helde, K. A., Wilson, E. T., Cretekos, C. J., and Grunwald, D. J.
and departmental start-up funds from Texas A&M University (1994). Contribution of early cells to the fate map of the zebra®sh
(B.B.R.) and National Institutes of Health Grant 1 RO3 RR07832- gastrula. Science 265, 517±520.
01A1, National Science Foundation Grant MCB-9420984, and a Hertwig, I., and Schneider, H. (1986). Development of the support-
grant from the University of Utah (D.J.G.). ing cells and structures derived from them in the inner ear of
the grass frog, Rana temporaria. Zoomorphology 106, 137 ±146.
Ho, R. K., and Kimmel, C. B. (1993). Commitment of cell fate in
the early zebra®sh embryo. Science 261, 109±111.REFERENCES
Kimmel, C. B., and Warga, R. M. (1986). Tissue-speci®c cell lineages
originate in the gastrula of the zebra®sh. Science 231, 365±368.Anniko, M. (1983). Embryonic development of vestibular sense or-
Kimmel, C. B., and Warga, R. M. (1987). Indeterminate cell lineagegans and their innervation. In ``Development of Auditory and
of the zebra®sh embryo. Dev. Biol. 124, 269±280.Vestibular Systems'' (R. Romand, Ed.), pp. 375±423. Academic
Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullman, B., andPress, New York.
Schilling, T. F. (1995). Stages of embryonic development of theBaldwin, C. T., Hoth, C. F., Amos, J. A., da-Silva, E. O., and Milun-
zebra®sh. Dev. Dyn. 203, 253±310.sky, A. (1992). An exonic mutation in the HuP2 paired domain
de Kok, Y. J. M., van der Maarel, S. M., Bitner-Glindzicz, M., Huber,gene causes Waardenburg's syndrome. Nature 355, 637±638.
I., Monaco, A. P., Malcolm, S., Pembrey, M. E., Ropers, H.-H., andChisaka, O., Musci, T. S., and Capecchi, M. R. (1992). Develop-
Cremers, F. P. M. (1995). Association between X-linked mixedmental defects of the ear, cranial nerves and hindbrain resulting
deafness and mutations in the POU domain Gene POU3F4. Sci-from targeted disruption of the mouse homeobox gene Hox-1.6.
ence 267, 685±688.Nature 355, 516 ±520.
Leon, Y., Sanchez, J. A., Miner, C., Ariza-McNaughton, L., Re-Ciges, M., Campos, A., and Revelles, F. (1983). The origin of the
pressa, J. J., and Giraldez, F. (1995). Developmental regulation ofotoconia in the rat. Acta Otolaryngol. 95, 522±527.
Fos-protein during proliferative growth of the otic vesicle and itsCordes, S. P., and Barsh, G. S. (1994). The mouse segmentation
relation to differentiation induced by retinoic acid. Dev. Biol.gene kr encodes a novel basic domain-leucine zipper transcrip-
167, 75±86.tion factor. Cell 79, 1025±1034.
Lewis, E. R., Leverenz, E. L., and Bialek, W. S. (1985). ``The Verte-Corwin, J. T., and Warchol, M. E. (1991). Auditory hair cells: Struc-
brate Inner Ear.'' CRC Press, Boca Raton, FL.ture, function, development, and regeneration. Annu. Rev. Neu-
Lim, D. J. (1973). Formation and fate of the otoconia. Ann. Otol.rosci. 14, 301±333.
82, 23 ±35.Davis, J. G., Oberholtzer, J. C., Burns, F. R., and Greene, M. I.
Lufkin, T., Dierich, A., LeMeur, M., Mark, M., and Chambon, P.(1995). Molecular cloning and characterization of an inner ear-
(1991). Disruption of the Hox-1.6 homeobox gene results in de-speci®c structural protein. Science 267, 1031±1034.
fects in a region corresponding to its rostral domain of expression.Deitcher, D. L., Fekete, D. M., and Cepko, C. L. (1994). Asymmetric
Cell 66, 1105±1119.expression of a novel homeobox gene in vertebrate sensory or-
Malicki, J., Schier, A. F., Solnica-Krezel, L., Stemple, D. L., Neu-gans. J. Neurosci. 14, 486±498.
hauss, C. F., Stanier, D. Y. R., Abdelilah, S., Rangin, Z., Zwart-Deol, M. S. (1983). Development of auditory and vestibular systems
kruis, F., and Driever, W. (1996). Mutations affecting develop-in mutant mice. In ``Development of Auditory and Vestibular
ment of the zebra®sh ear. Development, in press.Systems'' (R. Romand, Ed.), pp. 309±333. Academic Press, New
Mansour, S. L., Goddard, J. M., and Capecchi, M. R. (1993). MiceYork.
homozygous for a targeted disruption of the proto-oncogene int-Ekker, M., Akimenko, M.-A., Bremiller, R., and Wester®eld, M.
2 have developmental defects in the tail and inner ear. Develop-(1992). Regional expression of three homeobox transcripts in the
ment 117, 13 ±28.inner ear of zebra®sh embryos. Neuron 9, 27±35.
Noden, D. M., and Van de Water, T. J. (1986). The developing ear:Epstein, D. J., Vekemans, M., and Gros, P. (1991). splotch (Sp2H),
tissue origins and interactions. In ``The Biology of Change ina mutation affecting development of the mouse neural tube,
Otolaryngology'' (R. J. Ruben and T. J. Van de Water, Eds.), pp.shows a deletion within the paired homeodomain of Pax-3. Cell
67, 767±774. 15±46. Elsevier/North Holland, Amsterdam.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8357 / 6x13$$$423 09-27-96 03:47:40 dbas AP: Dev Bio
435Utricular Support Cells and Otolith Formation
Papalopulu, N., and Kinter, C. (1993). Xenopus distal-less related Van de Water, T. J. (1983). Embryogenesis of the inner ear: In vitro
studies. In ``Development of Auditory and Vestibular Systems''homeobox genes are expressed in the developing forebrain and
are induced by planar signals. Development 117, 961±975. (R. Romand, Ed.), pp. 337±374. Academic Press, New York.
Vortkamp, A., Gessler, M., and Grzeschik, K.-H. (1991). GLI3 zinc-Presson, J. C., Lanford, P. J., and Popper, A. N. (1996). The ultra-
®nger gene interrupted by translocations in Grieg syndrome fam-structure of s-phase cells and mature support cells in the ear of
ilies. Nature 352, 539 ±540.a postembryonic ®sh. Hearing Res., in press.
Waddington, C. H. (1937). The determination of the auditory plac-Riley, B. B., and Grunwald, D. J. (1995). Ef®cient induction of point
ode in the chick. J. Exp. Biol. 14, 232±239.mutations allowing recovery of speci®c locus mutations in zebra-
Weil, D., Blanchard, S., Kaplan, J., Gullford, P., Gibson, F., Walsh,®sh. Proc. Natl. Acad. Sci. USA 92, 5997±6001.
J., Mburu, P., Vareia, A., Levilliers, J., Weston, M. D., Kelley,Salamat, M. S., Ross, M. D., and Peacor, D. R. (1980). Otoconial
P. M., Kimberling, W. J., Wagenaar, M., Levi-Acobas, F., Larget-formation in the fetal rat. Ann. Otol. 89, 229±238.
Plet, D., Munnich, A., Steel, K. P., Brown, S. D. M., and Petlt,Sechrist, J., Scherson, T., and Bronner-Fraser, M. (1994). Rhombo-
C. (1995). Defective myosin VIIA gene responsible for Usher syn-mere rotation reveals that multiple mechanisms contribute to
drome type 1B. Nature 374, 60±64.the segmental pattern of hindbrain neural crest migration. Devel-
Whit®eld, T. T., Granato, M., van Eeden, F. J. M., Schach, U., Brand,opment 120, 1777±1790.
M., Furutani-Seiki, M., Haffter, P., Hammerschmidt, M., Heise-Stachel, S. E., Grunwald, D. J., and Myers, P. Z. (1993). Lithium
nberg, C.-P., Jiang, Y.-J., Kane, D. A., Kelsh, R. N., Mullins, M. C.,perturbation and goosecoid expression identify a dorsal speci®-
Odenthal, J., and NuÈ sslein-Volhard, C. (1996). Mutations affect-cation pathway in the pregastrula zebra®sh. Development 117,
ing development of the zebra®sh inner ear and lateral line. Devel-1261±1274.
opment, in press.Steel, K. P., and Brown, S. D. M. (1994). Genes and deafness. Trends
Wilson, E. T., Cretekos, C. J., and Helde, K. A. (1995). Cell mixingGenet. 10, 428±435.
during early epiboly in the zebra®sh embryo. Dev. Genet. 17, 6±Swiatek, P. J., Lindsell, C. E., del Amo, F. F., Weinmaster, G., and
15.Gridley, T. (1994). Notch1 is essential for postimplantation de-
Yntema, C. L. (1933). Experiments on the determination of the earvelopment of mice. Genes Dev. 8, 707±719.
ectoderm in the embryo of Amblystoma punctatum. J. Exp. Zool.Tassabehji, M., Read, A. P., Newton, V. E., Harris, R., Balling, R.,
65, 317±357.Gruss, P., and Strachan, T. (1992). Waardenburg's syndrome pa-
tients have mutations in the human homologue of the Pax-3 Received for publication May 24, 1996
Accepted August 8, 1996paired box gene. Nature 355, 635±636.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8357 / 6x13$$$423 09-27-96 03:47:40 dbas AP: Dev Bio
